Introduction
Circulating B-type natriuretic peptides are now measured routinely in patients with heart failure (HF) and it is well established that their levels are predictive of adverse clinical outcomes in these patients.
1 -4 More recently, it has been demonstrated that B-type fraction (HFrEF). There is now a strong evidence base that troponin concentration is also predictive of outcomes in these patients. 4, 8, 9 Latterly this has also been shown to be true in individuals with diabetes. 10 -12 However, troponin is not routinely measured in ambulatory patients with HF (or diabetes). We do not know how concentrations of these two peptides compare between HF patients with and without diabetes, with the potential confounding influences of renal impairment (which elevates both peptides), myocardial ischaemia (with coronary macro-and microvascular disease more common in individuals with diabetes) and obesity (which is associated with lower levels of natriuretic peptides and more common in individuals with diabetes). 13 Likewise, we do not know their individual and combined predictive value in HF patients with and without diabetes. Specifically, does troponin add meaningful additional prognostic information to measurement of a B-type natriuretic peptide (BNP) in HFrEF patients with and without diabetes, irrespective of HF aetiology (ischaemic or non-ischaemic) ? We examined these questions in the Prospective Comparison of ARNI With ACEI to Determine Impact on Global Mortality and Morbidity in Heart Failure (PARADIGM-HF), a large multicentre randomized controlled trial with long-term follow-up for fatal and non-fatal outcomes in patients with HFrEF.
Methods

Study design and patients
The background, design and primary results of the PARADIGM-HF trial are published. 14 -16 In brief, 8399 patients in New York Heart Association (NYHA) functional class II-IV with a left ventricular ejection fraction (LVEF) ≤ 40% receiving recommended treatment for HFrEF including an angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) and a beta-blocker (unless contraindicated) and a mineralocorticoid receptor antagonist (MRA) (if indicated) were enrolled. Patients were required to have a plasma BNP ≥ 150 pg/mL [or N-terminal pro-BNP (NT-proBNP) ≥ 600 pg/mL], or a BNP ≥ 100 pg/mL (or NT-proBNP ≥ 400 pg/mL) and a HF hospitalization within the past 12 months. The key exclusion criteria included intolerance of ACE inhibitors or ARBs, a history of angioedema, symptomatic hypotension, a systolic blood pressure (SBP) < 100 mmHg at screening (< 95 mmHg at randomization), an estimated glomerular filtration rate (eGFR) < 30 mL/min/1.73 m 2 , and a serum potassium level > 5.2 mmol/L at screening (> 5.4 mmol/L at randomization). Patients were randomized to sacubitril/valsartan (formerly known as LCZ696) or enalapril. Sacubitril/valsartan was superior to enalapril in reducing the risks of the primary composite endpoint of cardiovascular death or HF hospitalization, its components and all-cause mortality. Of all patients randomized, 1907 (23%) were enrolled in a prospective biomarker substudy and had a measurement of high-sensitivity troponin T (TnT) in addition to NT-proBNP.
Definitions of diabetes mellitus and ischaemic aetiology
Diagnosis of diabetes at baseline and aetiology (ischaemic/nonischaemic) was based on investigator responses to the relevant questions in the case report form. 
Outcomes
We investigated the association between TnT and NT-proBNP, alone and in combination, and the primary composite outcome and all-cause mortality.
Laboratory analyses
All samples were collected at the randomization visit. Sample handling and biomarker measurement using the Roche Elecsys NT-proBNP (Roche Diagnostics, Indianapolis, IN, USA) and the fifth generation high-sensitivity TnT assay (Roche Diagnostics GmbH, Mannheim, Germany) have been described previously. 17, 18 Statistical analyses Baseline characteristics are described by use of proportions for categorical variables and means with standard deviations or medians with quartiles for continuous variables. Differences in baseline characteristics between patients with and without diabetes were tested using a 2 test for categorical variables and ANOVA or Kruskal-Wallis's test for continuous variables. Kaplan-Meier curves for all-cause mortality and cumulative incidence curves for the primary endpoint were estimated and differences between groups were compared by use of log-rank and Gray's test, respectively. Cox proportional hazard models were used to compare the risk of patients according to diabetes status and levels of TnT and NT-proBNP for the primary endpoint and all-cause mortality. The Cox regression models were adjusted for age, sex, randomized treatment, ejection fraction, NYHA class, body mass index, log e (NT-proBNP), heart rate, systolic blood pressure, creatinine, low-density lipoprotein (LDL), prior angina pectoris, atrial fibrillation, and pacemaker implantation. The assumption of linearity was tested for TnT, age, ejection fraction, and NT-proBNP. Log [-log(survival)] curves were used to evaluate the proportional hazard assumption. Tests for interactions of diabetes status, age and sex with TnT and NT-proBNP in relation to all outcomes were performed. Model discrimination was tested by use of Harrell's c-statistic, the integrated discrimination improvement and the continuous net reclassification index adapted for survival models. 19, 20 The associations between TnT and NT-proBNP and outcomes were examined using the biomarkers in a categorical way and as continuous variables, according to history of diabetes and aetiology. TnT was dichotomized at or above/below the recently recommended threshold for prognostication in HF (18 ng/L) and NT-proBNP divided by tertiles. 21 The biomarkers were examined as continuous variables in an adjusted model using restricted cubic splines. P-values of < 0.05 were considered significant. Analyses were performed using Stata version 15 and R version 3.3.2 (Stata Corp., College Station, TX, USA).
Results
Baseline characteristics
Among the patients (n = 1907) in the biomarker substudy, 759 (40%) had diabetes. Patients with diabetes had a higher body mass index, systolic blood pressure, and a lower LDL, high-density lipoprotein and eGFR, compared to those without diabetes ( Table 1) . A larger proportion of patients with diabetes had a history of hypertension, myocardial infarction and coronary revascularization than those without diabetes. Diuretic use and Table S1 ). Patients in the biomarker substudy differed from those not included in a number of ways. They were older, more were men and they had a different racial composition, compared with patients not included in the biomarker substudy. A higher proportion had an ischaemic aetiology and they had a greater burden of co-morbidities, including more obesity and renal impairment ( Table 2) . 
Concentrations of troponin T
The median concentration of TnT at baseline was significantly higher in patients with diabetes [18 ng/L, interquartile range (IQR) 11-27 ng/L] compared to patients without diabetes (13 ng/L, IQR 9-21 ng/L) (P < 0.001). Half of patients with diabetes had a TnT value ≥ 18 ng/L compared to a third of those without diabetes ( Table 3 ). These findings were consistent when patients were compared according to aetiology of HF (ischaemic or non-ischaemic) ( Table 3 ). The distribution of plasma TnT concentrations in patients with and without diabetes, stratified by aetiology (ischaemic/non-ischaemic) is shown in Figure 1 . The frequency distribution curve was shifted to the right in patients with diabetes, compared to those without diabetes, in both ischaemic and non-ischaemic HFrEF patients; this pattern was quite distinct from that seen for NT-proBNP (see below).
Concentrations of NT-proBNP
In contrast to TnT, patients with diabetes and without diabetes had similar median levels of NT-proBNP at baseline (890 pg/mL, IQR 538-1585 pg/mL vs. 906 pg/mL, IQR 516-1725 pg/mL; P = 0.51). Around a third of patients with and without diabetes had a NT-proBNP value in the top tertile (i.e. > 1342 pg/mL; P = 0.38) ( Table 3) . Median NT-proBNP levels were also similar in patients with and without diabetes, irrespective of aetiology (ischaemic or non-ischaemic). In contrast to TnT, the frequency distribution curves for concentration of NT-proBNP were similar in patients with and without diabetes, in both ischaemic and non-ischaemic HFrEF patients (Figure 1 ). HF hospitalization, irrespective of diabetes status and ischaemic or non-ischaemic aetiology ( Figure 2 ). Patients with diabetes were at higher risk than those without and patients with an ischaemic aetiology were at a higher risk than those with a non-ischaemic aetiology. Consequently, patients with diabetes and ischaemic HF and an elevated TnT were at a very high absolute risk (203 per 1000 person-years) compared to those without diabetes, a non-ischaemic aetiology who had a TnT < 18 ng/L (46 per 1000 person-years). The elevated risk related to TnT persisted in adjusted Cox regression models incorporating TnT in a categorical way (≥ 18 vs. < 18 ng/L) or as a continuous variable (per log e increase in TnT) ( Table 4) . The relationship between TnT and the composite outcome of cardiovascular death or HF hospitalization was similar in patients with and without diabetes, across the spectrum of TnT concentrations, with a linear increase in risk of 91% and 73% in patients with and without diabetes, respectively, per log unit increase in TnT ( Table 4 and online supplementary Figure S1 ).
Baseline troponin T and clinical outcomes
Baseline NT-proBNP and clinical outcomes
Patients with NT-proBNP in the highest tertile had a significantly higher risk of the composite outcome of cardiovascular death or HF hospitalization, irrespective of diabetes status and ischaemic or non-ischaemic aetiology. Patients with diabetes and an ischaemic aetiology were at the highest risk of all outcomes. Thus, patients with diabetes and ischaemic HF and NT-proBNP in the highest tertile were at a very high absolute risk of the composite outcome of cardiovascular death or HF hospitalization (267 per 1000 person-years) compared to those without diabetes, a non-ischaemic aetiology and NT-proBNP in the lowest tertile (53 per 100 person-years).
In adjusted Cox regression models incorporating NT-proBNP as tertiles or as a continuous variable (per log e increase in NT-proBNP), the elevated risk associated with increased levels of NT-proBNP persisted ( Table 4) . The relationship between NT-proBNP and the composite outcome of cardiovascular death or HF hospitalization was similar in patients with and without diabetes, across the spectrum of NT-proBNP concentrations (online supplementary Figure S2 ).
Combination of troponin T and NT-proBNP in predicting clinical outcomes
The risks associated with TnT and NT-proBNP were additive in predicting outcomes, both in patients with and without diabetes. Thus, patients with diabetes, an elevated TnT and a NT-proBNP level in the highest tertile (n = 178, 9% of all patients) had an absolute risk of the primary composite outcome of 265 per 1000 person-years, compared to a rate of 42 per 1000 person-years in those without diabetes, a TnT < 18 ng/L and a NT-proBNP in the lowest tertile (n = 305, 16% of all patients). This contrast in absolute rates was even more striking when . In multivariable predictive models, among patients with diabetes, those having a TnT level ≥ 18 ng/L and a NT-proBNP in the highest tertile had a 4.5-fold higher risk (4.1 for ischaemic and 15.6 for non-ischaemic patients) of the primary outcome, compared to those with a TnT < 18 ng/L and a NT-proBNP in the lowest tertile. The risk was 4.2-fold higher (3.6 for ischaemic and 5.0 for non-ischaemic patients) in individuals without diabetes (Figure 3 ). Among patients with diabetes, TnT and NT-proBNP were associated with increased risk of cardiovascular death or HF hospitalization, irrespective of glycated haemoglobin levels (data not shown).
Troponin T added significant discriminatory power to the models predicting cardiovascular death or HF hospitalization, although the effect sizes were modest (online supplementary Table S2 ). In models with all-cause mortality as outcome, only the integrated discrimination improvement was improved when TnT was added to the models.
Discussion
This study has three key findings. First, HFrEF patients with diabetes had higher concentrations of TnT, compared to HFrEF patients without diabetes, and this was true for patients with nonischaemic HF, as well as those with an ischaemic aetiology. This . contrasted to the lack of difference in NT-proBNP between patients with and without diabetes. Second, higher levels of TnT and NT-proBNP were each associated with worse outcomes, irrespective of diabetes status and HF aetiology, i.e. diabetes did not alter the prognostic performance of either biomarker. TnT was an independent predictor of outcomes when added to a multivariable model including NT-proBNP. The risks associated with increasing levels of the two biomarkers were additive, and this additivity was similar in individuals with and without diabetes. Thirdly, as a result of the foregoing, and perhaps most importantly clini- CI, confidence interval; CV, cardiovascular; HF, heart failure; HR, hazard ratio; NT-proBNP, N-terminal pro B-type natriuretic peptide. All models were adjusted for age, sex, treatment effect, ejection fraction, New York Heart Association class, body mass index, heart rate, systolic blood pressure, creatinine, low-density lipoprotein, prior angina pectoris, atrial fibrillation and pacemaker implantation. Models with troponin T levels as exposure were also adjusted for log e (NT-proBNP).
cally, these biomarkers used in combination with patient phenotype identified individuals at remarkably high absolute risk. For example, those with the triad of diabetes, an ischaemic aetiology and an elevated TnT had a primary endpoint rate of 203 per 1000 person-years (compared with 46 per 1000 person-years in those with non-ischaemic HF, no diabetes and a TnT < 18 ng/L). A few prior studies have reported that patients with diabetes have elevated levels of TnT and, in HF patients, diabetes seems to be more prevalent among those with high levels of TnT. 8, 10, 11, 22 In accordance with this, we found higher average levels of TnT in HFrEF patients with diabetes compared to those without diabetes. Using the newly recommended TnT prognostication threshold for HF of ≥ 18 ng/L, we found that the proportion of diabetes patients with an elevated TnT was 50% compared to 34% of patients without diabetes. The most obvious explanation for more frequent elevation of TnT in patients with diabetes is the higher prevalence of coronary artery disease in those individuals. However, we found TnT was similarly elevated in patients with non-ischaemic and ischaemic HFrEF. Diabetes also causes microvascular disease and this may lead to myocardial ischaemia and cardiomyocyte injury in the absence of or in addition to macrovascular coronary disease. 23 Unfortunately, information on microvascular complications was not collected in PARADIGM-HF. An alternative explanation might be the greater likelihood of renal dysfunction in patients with diabetes, as renal dysfunction is also associated with raised troponin concentrations. 24 there was only a small difference in eGFR and creatinine between those with and without diabetes, and NT-proBNP, levels of which are also influenced by renal function, did not differ between those with and without diabetes. Additional pathophysiologic processes operating in patients with diabetes might cause cardiomyocyte injury. For example, inflammation appears to be more common in individuals with diabetes compared to those without. 27 Elevation of TnT has previously been associated with worse prognosis in each of HFrEF and diabetes. 8, 12 Our study adds to these prior findings by showing that TnT is an independent predictor of adverse outcomes in patients with these two conditions combined, even when added to a multivariable model containing NT-proBNP, which is in itself the single most powerful predictor of prognosis in HFrEF. 28 . Adjusted for age, sex, treatment effect, ejection fraction, New York Heart Association class, body mass index, heart rate, systolic blood pressure, creatinine, low-density lipoprotein, prior angina pectoris, atrial fibrillation, and pacemaker implantation.
appropriate counselling, intensive efforts to optimize pharmacological, device and surgical therapies (including coronary revascularization). This sizeable minority of patients might also be the target for new strategies to lower risk.
Limitations
Both biomarkers were only available in the pre-specified biomarker substudy of approximately 2000 patients, and the characteristics of these patients were significantly different from the patients not included in the biomarker substudy. Diabetes status and ischaemic aetiology were investigator reported and a degree of misclassification will have occurred as, for example, it is known that some HFrEF patients have undiagnosed diabetes and some patients with a presumed non-ischaemic HFrEF aetiology are found to have coronary artery disease on angiography or at autopsy. 
Conclusions
In HFrEF, patients with diabetes had higher levels of TnT than patients without diabetes, contrasting with NT-proBNP, which did not differ between patients with and without diabetes. TnT was similarly elevated in ischaemic and non-ischaemic patients. TnT was independently predictive of outcomes, when added to a multivariable model including NT-proBNP, irrespective of diabetes status.
TnT and NT-proBNP are therefore additive in predicting risk and, when combined with clinical phenotype (diabetes, ischaemic aetiology), help identify patients at extremely high absolute risk.
Supplementary Information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Risk of cardiovascular death or heart failure hospitalization according to troponin T levels among patients with and without diabetes in PARADIGM-HF (A: no diabetes; B: diabetes). Adjusted for log e (NT-proBNP), age, sex, treatment effect, ejection fraction, New York Heart Association class, body mass index, heart rate, systolic blood pressure, creatinine, low-density lipoprotein, prior angina pectoris, atrial fibrillation and pacemaker implantation. Figure S2 . Risk of cardiovascular death or heart failure hospitalization according to N-terminal pro B-type natriuretic peptide (NT-proBNP) levels among patients with and without diabetes in PARADIGM-HF (A: no diabetes; B: diabetes). Adjusted for age, sex, treatment effect, ejection fraction, New York Heart Association class, body mass index, heart rate, systolic blood pressure, creatinine, low-density lipoprotein, prior angina pectoris, atrial fibrillation and pacemaker implantation. Table S1 . Baseline characteristics according to diabetes status and heart failure aetiology. Table S2 . C-index, net reclassification index and integrated discrimination improvement for the added effect of troponin T to the baseline model.
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